Using a gene probe of the Escherichia coli groEL gene, a 1.8-kb HindIII fragment of chromosomal DNA of BaciUus subtilis was cloned. Upstream sequences were isolated as a 3-kb PstI fragment. Sequencing of 2,525 bp revealed two open reading frames in the ordergroES groEL. Alignment of the GroES and GroEL proteins with those of eight other eubacteria revealed 50 to 65% and 72 to 84% sequence similarity, respectively. Primer extension studies revealed one potential transcription start site preceding the groESL operon (S) which was activated upon temperature upshift. Northern (RNA) analysis led to the detection of two mRNA species of 2.2 and 1.5 kb. RNA dot blot experiments revealed an at least 10-fold increase in the amount of specific mRNA from 0 to 5 min postinduction, remaining at this high level for 10 min and then decreasing. A 9-bp inverted repeat within the 5' leader region of the mRNA might be involved in regulation of the beat shock response. By using PBS1 transduction, the groESL operon was mapped at about 3420.
binds to Cpn60 in the presence of Mg2+-ATP. The related group of proteins found in prokaryotes and mitochondria are designated CpnlO proteins.
This unusual morphology was also described for a GroEL particle from Bacillus subtilis (5) that shared at least one antigenic determinant with the GroEL polypeptide from E. coli (1, 32) . Electron microscopy analyses showed the GroEL-like chaperonin from B. subtilis as a cylindrical body with seven well-defined globules arranged almost parallel to the longitudinal axis of the particle (4) . Recently, GroEL was identified on two-dimensional gels (21, 40) .
To study the function of the GroEL chaperonin in processes such as in vivo assembly, folding of proteins, and secretion of exoenzymes in B. subtilis and to study regulation of this heat shock gene under diverse stress conditions, we have initiated a program to clone and to characterize the genes encoding the GroEL and GroES homologs. In this paper we report the nucleotide sequence of 2.525-kb DNA which contains two heat shock genes equivalent to the E. coli groESL operon. Furthermore, we analyzed the transcription of this operon and mapped the groESL genes on the B. subtilis chromosome. * Corresponding author.
MATERUILS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used are listed in Table 1 . B. subtilis and E. coli strains were routinely grown at 37°C in Luria-Bertani medium. For the induction of the heat shock regulon, bacteria were shifted from 37 to 48°C. Concentrations of antibiotics, when used, were as follows: ampicillin, 100 ,ug/ml; chloramphenicol, 5 ±g/ml; and kanamycin, 25 ,ug/ml. Enzymes (11, 42) . Synthetic oligodeoxynucleotides were purchased from Appligene (Heidelberg, Germany). DNA similarity, indicating that the 10.1-and 57.4-kDa protein subunits are indeed equivalents of GroES and GroEL, respectively ( Table 2 ). The overall similarity between GroES of B. subtilis and the others ranges from 50.2% (Chlamydia trachomatis) to 65.1% (Streptomyces albus).
In contrast, comparative amino acid analyses of the 57.4-kDa GroEL protein of B. subtilis revealed a higher sequence similarity to the GroEL proteins of other bacterial species (Table 2) . Overall, the amino acid similarity between B. subtilis GroEL and the others ranges from 71.9% (Mycobacterium tuberculosis) to 83.9% (Clostndium acetobutylicum).
There is a remarkable similarity between GroES and GroEL, respectively, of Legionella micdadei and Coxiella bumetii (Table 2) .
One striking feature of the GroEL sequence is a carboxyterminal Gly-Gly-Met repeat. This repeat structure, although of variable length, is found in most bacterial GroEL sequences. The biological significance of the repeat is not yet known, but its widespread occurrence suggests that this region is functionally important.
Features of the noncoding regions. Probable ribosomebinding sites, marked with asterisks in Fig. 2 , are 4 and 6 nucleotides upstream from the start codons of ORFi and ORF2, respectively. These sites consist of 10 (ORF1) and 8 (ORF2) nucleotides complementary to the 3' end of B. subtilis 16S rRNA (22) .
Primer extension studies were used to identify potential transcription start sites for the two ORFs. Total RNA was prepared from bacterial cells grown at 37°C or at different times after a heat shock to 48°C. Synthetic oligonucleotides ON1, ON2, and ON3 derived from the coding region of groESL were used as primers. The analyses revealed one potential transcription start point located 67 nucleotides upstream of the translation initiation codon of groES (designated S; Fig. 3A and 2 ). This position corresponds to a T residue. Upon longer exosure of the sequencing gels, we observed an additional weak band immediately below the strong band (not shown). This weak band corresponds to a G residue (Fig. 2) . The amount of transcripts initiated at S increased with the temperature shift from 37 to 48°C. There is a dramatic increase between 0 and 5 min, followed by a decrease 5 min after heat induction and remaining constant for at least 15 min (Fig. 3A) .
The transcriptional start point S is preceded by a sequence which resembles the consensus sequence of promoters recognized by the vegetative sigma factor of B. subtilis, sigma-43 (Fig. 2) . Therefore, heat-sensitive transcription from S might also be initiated by sigma-43. Furthermore, we found a palindromic structure downstream of S consisting of a 9-bp repeat separated by a 9-bp spacer (Fig. 2 , nucleotides 106 to 132). This palindromic structure could be involved in the temperature-sensitive regulation of transcription (see Discussion). No stem-loop structure resembling a prokaryotic rho-independent transcription terminator could be found downstream of the groESL operon.
Synthesis of mRNA. The in vivo transcripts of the groE locus were detected by dot blot and Northern analyses with total RNA prepared either from exponentially growing cells of B. subtilis or at different times after the bacteria had been transferred to 48°C. The dot blot experiments revealed a rapid and at least 10-fold increase in the mRNA level within 5 min after temperature upshift (Fig. 3B) . The amount of mRNA declined between 15 and 30 min postinduction. At 30 min after temperature upshift, there was still an about threefold-higher level of mRNA as compared with that of noninduced cells.
The Northern analysis was performed with the radioactively labeled 1.4-kb internal PvuII fragment of groESL as a probe (Fig. 1) . This fragment hybridized to two mRNA species with molecular sizes of 2.2 and 1.5 kb (Fig. 3C) . The 2.2-kb RNA could comprise the whole operon, whereas the 1.5-kb RNA could also be initiated at S and extend into groEL. To prove that groES and groEL form one operon, hybridization was repeated with ON1, ON2, or ON3. In all three cases, these oligonucleotides hybridized to the 2.2-and 1.5-kb mRNAs (31) . The synthesis of both mRNA species was strongly induced following temperature upshift, thereby confirming the results of the dot blot analysis.
Location of groEL on the B. subtilis chromosome. The position of groEL on the chromosome was determined by phage PBS1-mediated transduction with the chloramphenicol resistance gene in the groEL::cat mutant (strain ASG1) as a selectable marker. The groEL::cat fusion was 75% cotransduced with the auxotrophic mutation purA and 17% cotransduced with the sacS marker. These results indicate that the order of genes is sacS groESL purA, placing groEL at about 3420 on the B. subtilis genetic map (27) . 19) between proteins from each of two bacterial species. The values for the GroEL proteins are given above the 100% diagonal, and those for the GroES proteins below this diagonal. GroES was from B. subtilis C. acetobutylicum (24), M. tuberculosis (2) , S. albus 58 (20) , E. coli (16) , C. trachomatis (23) , C. bumetu (39) , L. micdadei (17) , and Synechocystis sp. strain PCC 6803 (7). GroEL was from B. subtilis, C. acetobutylicum (24) , M. tuberculosis (33) , S. albus (20) , E. coli (16), C. trachomatis (23), C. bumetii (39), L. micdadei (17) , and Synechococcus sp. strain PCC 7942 (35) .
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organization of the B. subtilis genes was identical to that of the groES and groEL genes reported for E. coli (34) and for of most bacterial species. One exception is M. tuberculosis, which does not show the linkage of groES and groEL genes in a single operon (33) . Another exception is Synechocystis sp. strain PCC 6803, in which groES could not be found in the neighboring region of groEL (7).
Recently, the presence of two copies ofgroEL genes have been reported for different species of Streptomyces (14, 20) . Using either the 1.8-kb HindIII fragment or ON3, which has been deduced from an amino acid region highly homologous in most GroEL proteins, as a probe, we could not detect additional hybridizing bands in Southern blots, indicating that there is only one groEL gene in the B. subtilis chromosome (data not shown).
Four lines of evidence indicate that the induction of the groESL operon is regulated at the level of transcription by increased synthesis of mRNA, by a change in its half-life, or by a mixture of both: (i) primer extension studies have been performed with RNA prepared at different times after temperature upshift; there is a dramatic increase in the amount of mRNA between 0 and 5 min postinduction (Fig. 3A) ; (ii) titrating the RNA by dot blot analysis also revealed an increase in the amount of RNA (Fig. 3B) ; (iii) Northern analysis revealed an increase in the amount of two different species (Fig. 3C) ; and (iv) analyses of a transcriptional groEL-amyL fusion (strain MSB1; Fig. 1 ) revealed a 2.5-fold increase in the expression of the operon fusion upon temperature upshift (data not shown).
Transcription of the groESL operon may start at S, which is strongly activated upon temperature upshift (Fig. 3A) . This site is preceded by a potential sigma-43 promoter with one mismatch in both the -35 and -10 regions and a spacer of 17 bp (Fig. 2 , bp 67 to 95). We could not find any other sequence matching known promoter sequences, including the sequence for the E. coli heat shock promoter, but we have already shown that E. coli heat shock promoters are not active in B. subtilis (36) . Therefore, whether transcription initiated at S will actually start at the putative sigma-43 promoter or at a still unknown promoter overlapping with the sigma43 promoter remains unknown. Furthermore, we cannot rule out the possibility that S corresponds to a processing site rather than a transcription start site. In vitro capping and S1 mapping experiments will distinguish between these two possibilities.
Immediately downstream of S, there is a 9-bp inverted repeat (IR) separated by a 9-bp spacer (Fig. 2, bp 106 to 132) . The same IR has already been described preceding the dnaK operon of B. subtilis (37) and the dnaK and groESL operons of C. acetobutylicum (24, 25) . Furthermore, by computer search we found this IR in front of several heat shock genes from diverse bacterial species (cited in reference 37). These findings suggest that the IR is involved in the regulation of VOL. 174, 1992 4 0 0 I the heat shock response. It should prevent a high level of expression of the downstream heat shock genes at low temperatures and allow a transient high level of expression after heat induction. It might act at the level of DNA by forming a cruciform structure or at the level of RNA by forming a stem-loop structure. In both cases, the secondary structure would prevent efficient transcription under noninducing conditions. After a shift to high temperature, formation of the secondary structure is prevented, most probably by a protein interacting with the IR. Experiments are in progress to mutate this IR and to analyze the effect of the mutations on the regulation of the heat shock genes. Furthermore, we are trying to identify the protein interacting with the IR.
Northern analyses revealed two mRNA species. The 2.2-kb mRNA could correspond in length to the complete groESL operon. The 1.5-kb mRNA hybridized with an internal fragment of groESL (Fig. 3C ) and in addition with ON1, ON2, or ON3. This RNA might also be initiated at S and extend into groEL, thereby increasing the amount of GroES, of which the predicted half-life is less than 3 min. Experiments are in progress to define the 5' and 3' ends of the 1.5-kb mRNA and to find out whether this RNA species is the result of premature termination within the groEL gene or of processing of the 2.2-kb mRNA.
Dot blot experiments showed a dramatic increase in the amount of mRNA between 0 and 5 min after heat induction. This high level of mRNA remained constant over about 10 min and then declined. This result is quantitatively different from that obtained for the dnaK operon, in which the total amount of mRNA remained constant for only about 3 min (37), suggesting a different regulation of these two operons.
Our data add B. subtilis to the list of bacteria containing coregulatedgroESL genes. Although it is known that there is a functional interaction between the GroEL and GroES components (13) , the molecular basis of this interaction is not yet understood. The sequence results presented should facilitate the construction of specific mutants to clarify this problem and make it possible to study the protective role of the GroEL and GroES proteins in the intracellular lifestyle of B. subtilis.
